The adsorption of three aromatic compounds on to an untreated carbon was investigated. The solution pH was lowered in all experiments so that all the solutes were in their molecular forms. It was shown that the difference in the maximum adsorption of the solutes was mainly a result of the difference in the sizes of the molecules and their functional groups. Furthermore, it was illustrated that the packing arrangement was most likely edge-to-face (sorbate-sorbent) with various tilt angles. On the other hand, the affinity and heterogeneity of the adsorption systems were apparently related to the pK a values of the solutes.
INTRODUCTION
Organic compounds constitute a very large group of the known pollutants. Most of them are recognised carcinogens and known to be toxic to the environment. Among the methods available for removing these pollutants, adsorption is still one of the most preferred especially for effluents with moderate and low pollutant concentrations (Juang et al. 1996) .
The use of activated carbon in water and wastewater treatment is widely practiced. These materials are very versatile adsorbents due to their high surface area, well-developed pore structure and surface properties. However, despite their wide application in water treatment for the removal of organic pollutants, the mechanism of the adsorption process is not yet fully understood and much confusion still exists in the literature concerning the same (Arafat et al. 1999) .
Activated carbons are known to have a heterogeneous physical and chemical structure. The former arises from the existence of micro-, meso-and macro-pores of different sizes (Derylo-Marczewska and Marczewski 1999) with the latter arising from the variety of functional groups (mainly carbon-oxygen) existing on the surface. The variety of oxides produced during the manufacture of activated carbons is a result of the presence of the high concentration of oxygen present in the precursors of activated carbons (Rodriguez-Reinoso et al. 1997) . Indeed, research on the surface chemistry of activated carbons can be traced back as far as the early 1960s (Boehm 1966) . A thorough discussion of this subject can be found in more up-to-date reviews (Leon y Leon and Radovic 1994) . Hassler (1951) first raised the significance of the carbon surface chemistry in the adsorption process. A decade later, other authors (Coughlin and Ezra 1968; Ward and Getzen 1970) shed significant light on the effects of surface carbon-oxygen groups and sorbate-sorbent p-p interactions on the adsorption mechanism of organic compounds. Since then, theoretical and experimental *Author to whom all correspondence should be addressed. E-mail: s.nouri@mail.urmia.ac.ir. approaches have come a long way, as demonstrated by various reviews during the past 20 years (Derylo-Marczewska and Jaroniec 1987; Radovic 1999) . However, it appears that there is no general consensus on the significance of this issue in the literature, as demonstrated by recently published work (Hsieh and Teng 2000) . These latter authors attribute differences in the phenol adsorption capacities of a number of carbons with different degrees of burn-off to differences in the physical properties of the activated carbons, ignoring any differences in their chemical properties.
In liquid-phase adsorption, it has been established that the adsorption capacity of an activated carbon depends on the following factors. Firstly, the nature of the adsorbent such as its pore structure, ash content and functional groups. Secondly, the nature of the adsorbate (e.g. its pK a value, functional group(s) present, polarity, molecular weight and size). Finally, the solution conditions, with particular reference to the pH, ionic strength and adsorbate concentration (Radovic et al. 1997) . It is well understood that the cost-effective removal of organic pollutants cannot be achieved by relying on the physical properties of activated carbons alone (Radovic 1999; Cookson 1978) .
Most organic pollutants are weak electrolytes with their adsorption equilibria depending on the value of the solution pH. Taking the effects of the carbon surface chemistry as well as the solution pH simultaneously into account has provided the main challenge to research workers. In other words, the relative importance of the effects of electrostatic and dispersion forces in a given sorbatesorbent system must be established (Radovic et al. 1997) . Despite extensive experimental studies in this area, the contribution of theoretical studies has been limited due to the great variety of existing adsorption systems. The wide variety of behaviours exhibited by liquid-solid adsorption systems has led to the recognition of 18 types of isotherms in comparison to only six for gas-solid isotherms (Jaroniec and Madey 1988) .
During the past few decades, a number of authors have investigated the effects of pH on the adsorption of aromatic compounds. In the 1960s and 1970s, some authors (Ward and Gretzen 1970; Gretzen and Ward 1969) used the binary Langmuir isotherm to explain the effect of pH on the adsorption of electrolytes whereas others applied the Polanyi potential to explain the same phenomenon (Rosene and Manes 1977) . A detailed analysis of the various theoretical approaches applied to the adsorption of organic solutes on to activated carbon has been reported (Derylo-Marczewska and Jaroniec 1987) .
In a series of papers, Muller et al. (1980 Muller et al. ( , 1985a have provided the most advanced contribution to date taking account of both the effects of pH and the carbon surface chemistry. Based on the Langmuirian approach, the authors studied the effects of the adsorbent surface charge as determined by the pH and ionic strength. They also investigated the solid heterogeneity by assuming a truncated Gaussian adsorption energy distribution. However, although their model provided an excellent fit with the corresponding experimental data, they were unable to use the fitted parameters of their model to discuss any aspects of the adsorption mechanism (Muller et al. 1985a ). They stated that "similar values for s, U 0 and K 0 (referring to the heterogeneity of the system, adsorption potential and equilibrium constant, respectively) suggest that carbonisation, activation and acidisation have proceeded so far that the surface structures relevant for adsorption equilibrium have become similar".
Other authors (Derylo-Marczewska and Marczewski 1999) have also examined the adsorption behaviour of model aromatic compounds using a Langmuirian approach. They assumed a Gaussian adsorption energy distribution and determined relevant parameters by fitting. Again, even though their model fitted the experimental data well, the parameters obtained shed no new light on the adsorption process.
In the present work, the adsorption behaviour of three model aromatic compounds in their molecular form was investigated. All isotherms were obtained by carrying out the adsorption experiments at a solution pH well below the pK a values of all the dissociating solutes (pH = 2). All experimental data were then fitted using the homogeneous Langmuir isotherm equation to obtain the corresponding maximum adsorption capacity. The influence of solute packing and functional groups on the adsorption behaviour of the solutes was also investigated. In this case, the isotherms were fitted to the heterogeneous Langmuir equation, assuming a Gaussian adsorption energy distribution. The resulting parameters were used to gain a further insight into the adsorption process. The properties of the same adsorption systems with the solution pH maintained above the pK a of the solutes have also been investigated and will be reported elsewhere.
THEORETICAL

Homogeneous model
In aqueous solutions, the concentrations of the neutral and ionic species present may be determined on the basis of the following equilibrium:
where HA refers to the neutral species and Arefers to the ionised species. The negative logarithm of the equilibrium constant would yield the pK a value of the solute and hence the calculation of the concentrations of the other species present would become a matter of simple mathematical manipulation.
Use of the Langmuir equation [equation (2)] assumes that both the ionic and neutral species present in the system compete for the same adsorption site. However, only one solute molecule can be adsorbed per site:
In this equation, q is the fractional coverage as determined from the equilibrium solute concentration, q eq , and Q max , i.e. the amount of solute adsorbed per g carbon assuming complete coverage of each adsorbent particle [equation (3)], with C eq being the equilibrium solution concentration.
The relation between the equilibrium constant and the adsorption energy is given in equation (4):
where K 10 is the pre-exponential factor and E = e/RT is the reduced adsorption energy.
Heterogeneous models
The topography of the adsorption sites on the surface plays an important role in a given adsorption process (Jaroniec and Madey 1988) . In patchwise topography (one of the most frequently used models), it is assumed that the surface is composed of homogeneous patches that are independent of each other and behave as if each were a separate crystallite or crystalline face. For any given solute, each patch i is characterised by an adsorption energy E i . A distribution function describing the frequency of the adsorption energies is then used to characterise the surface heterogeneity. The fraction of all sites with an adsorption energy in the range between E i and E i + dE i may be described as f(E i )dE i . Various forms may be assumed for the distribution functions and, following the work of other authors (Derylo-Marczewska and Marczewski 1999; Derylo-Marczewska 1993), we have assumed a Gaussian distribution function of the type shown in equation (5a):
with a standard deviation equal to s and a mean adsorption energy of _ E. However, as illustrated by the authors concerned, it is more convenient to use the deviation expressed in equation (5b), the mean of whose distribution is equal to zero.
The observed isotherm for such a system can be written as in equation (6):
where q 1 is the local isotherm equation and Di is the integration limit. In other words, the overall coverage is the summation of the contribution of each patch, weighted by the fraction of all sites associated with each patch.
To obtain the global isotherm equation, we rewrite the Langmuir equilibrium constant [equation (4)] as:
where -E refers to the average value of the adsorption energy and -K 1 is the corresponding equilibrium constant. Rewriting equation (2), using equations (4) and (7) and followed by its application into equation (6), a few mathematical manipulations lead to the overall isotherm equation expressed as:
The parameters of equation (8), s and -K 1 may be obtained by fitting using an appropriate integration limit, Di.
The distribution of the adsorption energy E implies that there must be a corresponding distribution of K 1 . The distribution of K 1 can be obtained from the transformation of equation (5c) to give a log normal distribution of K 1 .
Knowing the distribution of K 1 together with its relationship to q, the fractional coverage, it is possible to obtain the distribution of q [equation (10)]:
where C = -K 1 C eq . It is then possible to obtain the equilibrium constant, K 1 , and the spread of the adsorption energies, s, by fitting the following integral:
EXPERIMENTAL
Materials
The activated carbon used in this study was F100 as supplied by Calgon. The chemicals were benzoic acid (BA), p-nitrophenol (PNP) and p-cresol (PC) obtained from Merck.
Equilibrium studies
The adsorption experiments were carried out by placing 45 mg activated carbon into 50 ml amounts of aqueous solutions containing different concentrations of the adsorbates. The pH conditions of the solution were adjusted using dilute solutions of NaOH or HCl. All solutions were shaken for 4 d at 301 K in a shaking thermostat bath in order to attain equilibrium. After this period of time, the residual concentrations of the solutes were measured spectrophotometrically using a JASCO-V550 spectrophotometer.
Determination of the point of zero charge (PZC)
The pH corresponding to the point of zero charge, pH (PZC) , for the carbon was determined by the method suggested by Noh and Schwarz (1989) . Thus, various amounts of the carbon were placed in 10 ml of 0.1 M NaCl solutions prepared using pre-boiled water. The sealed bottles were then placed overnight in a constant temperature shaker, following which the equilibrium pH values of the mixtures were measured. The limiting value of the pH was taken as pH (PZC) (see Figure 1 ). Noh and Schwarz have suggested that the surface of the carbon is neutral when pH = pH (PZC) . The surface is negatively charged at pH values greater than pH (PZC) while the carbon surface is positively charged at pH values lower than pH (PZC) . Under the latter circumstances, the carbon surface would exhibit a high affinity for anions.
RESULTS AND DISCUSSION
Determination of the surface areas occupied by the sorbates
In most cases which model physical adsorption on to a heterogeneous solid, an accurate knowledge is required of the maximum adsorption capacity of the adsorbate of interest on the solid. However, perusal of the literature shows discrepancies in the reported sizes of various aromatic compounds. Thus, for example, using an area of 5.25 Å 2 per aromatic ring for a granular activated carbon, Caturla et al. (1988) have suggested that a phenol molecule would cover 9.5 rings and hence a molecular area of 43.7 Å 2 per molecule. Other authors (Muller et al. 1985b; Derylo-Marczewska 1993) have reported that a simple aromatic species would occupy an average area of 35 Å 2 per molecule. The original citation for this value given by Muller et al. (1985a) stems from earlier work undertaken in the 1960s (Mattson et al. 1969; Coughlin et al. 1968 ). However, Mattson et al. (1969) quoted an average value of 45 Å 2 per molecule based on earlier work by Coughlin and Ezra (1968) . Both studies reported by Coughlin and co-workers (Coughlin and Ezra 1968; Coughlin et al. 1968) gave similar values for the area covered by an aromatic compound. Thus, for example, these authors quoted 41.2 Å 2 and 43 Å 2 per molecule for phenol and nitrobenzene, respectively. On the other hand, Caturla et al. (1988) reported values in the range 43.7-59.7 Å 2 for mono-and disubstituted phenolic compounds. None of the earlier work provided reasons for citing a given molecular area.
In our present work, we have used the Cerius2 package (Molecular Simulations Inc., San Diego, CA, USA) to determine the area of each molecule in the xy (flat face), xz and yz planes. These three planes may be defined as follows. Thus, the xy plane is the plane of the paper with x corresponding to the longest side and y to the shortest side. In the case of p-cresol, for example, the length x corresponds to the side starting from the -OH group and ending at the -CH 3 group. On the other hand, z corresponds to the axis out of the plane of the paper. The total area of the molecules in the xy plane would translate into the minimum possible number of molecules packed on to the surface while the xz and yz planes would translate into the maximum possible numbers of molecules.
The calculated areas in all three planes as well as the lengths of the molecules together with other important chemical properties for all the solutes studied are listed in Table 1 .
Adsorption of the molecular species in acidic solutions
The packing of the solutes and their functional groups Figures 2(a) and (b) show the isotherms of the solutes plotted using a mass-based solid concentration, q eq (expressed as mmol solute adsorbed per g carbon), versus the liquid concentration, C eq (expressed in mmol/l), and the reduced concentration under equilibrium conditions, respectively. The pK a values listed in Table 1 for the three electrolytes studied (PC, PNP, BA) indicate that at pH = 2 all the solutes were in their molecular forms. The data depicted in Figure 2 (a) indicate that p-nitrophenol was adsorbed to the greatest extent, followed by similar adsorption capacities for p-cresol and benzoic acid. However, this observation is contrary to that expected from the solubility data for these solutes (Table 1) . On the basis of the affinity of the solute for the solvent, benzoic acid should be adsorbed to the greatest extent since its solubility in water is the least. This suggests that the observed adsorption for the solutes studied was not governed solely by the affinity of the solute for the solvent.
To take into account the effect of the affinity of the solute, the equilibrium concentrations of the solutes, C eq , were normalised with respect to their solubilities. The adsorption data were then re-plotted using these normalised values [ Figure 2(b) ]. The basis for this normalisation procedure was Traube's rule as used by various workers for a number of decades. The use of the reduced concentration normalises that amount of energy required to transfer a molecule of the solute from the bulk solution to its surface. This is only valid for dilute solutions. The adsorption data depicted in Figure 2(b) show that the uptake of p-nitrophenol and p-cresol became the highest under this normalisation procedure. These two solutes attained their limiting maximum adsorption capacities when the corresponding solution concentration was less than 1% of the solubility limit.
To address these observed differences, the adsorption isotherms were first fitted by means of the homogeneous Langmuir isotherm equation [equations (2) and (4)]. The fitted parameters, Q max , together with the corresponding SS values [equation (12)] are listed in Table 2 , the SS values indicating that the homogeneous model fitted the data reasonably well. SS = S(q i,exp -q i,the ) 2
where q exp = experimental value of the amount adsorbed and q the = calculated value of the amount adsorbed. A comparison of the functional groups present in these solute molecules provides some insight into the observed adsorption pattern. Methyl and hydroxy are both electron-donating groups whereas -COOH and -NO 2 are electron-withdrawing groups. This indicates that the electron densities of the aromatic rings in the solutes and the adsorption capacity of the carbon for the adsorbates at higher pH values would follow the sequence: PC > PNP > BA (Nouri et al. 2001 , 2002 . Furthermore, the -OH group in PC is more basic (pK a = 10.2) and the lone pair of electrons associated with the -OH group is more available for hydrogen bonding. In other words, since PC is a stronger base, under acidic conditions (pH = 2) more of its molecules would tend to be positively charged, leading to a lower uptake of PC ( Figure 2) . As shown in Figure 3(a) , under these conditions the adsorption capacity of the carbon for the sorbates was: PNP > PC > BA.
The manner in which the sorbate molecules pack can be examined by investigating the variation in the calculated Q max value with the molecular areas of solute molecules in all three planes [Figure 3(b) ]. Examination of this figure shows that no relationship existed between Q max and the molecular areas in all three planes. In fact, London dispersion forces and electrostatic forces dominated Q max . These observations can be explained as follows. Since there is no relationship between the observed value of Q max and the areas of the molecules in all three planes, it is most likely that the solute molecules were not arranged face-down on the carbon surface. This is not surprising when it is considered that p-electrons are arranged in the form of a cloud above and below the aromatic ring. Hence, a face-to-face arrangement of the sorbate molecules on to the graphitic layers of the carbon surface would be impossible as a result of electrostatic repulsive forces.
However, it cannot be assumed that all the molecules would sit on the carbon surface exactly vertically. This suggests that the theoretical determination of the maximum adsorption capacity of carbons for aromatic compounds would not be a simple task. Furthermore, when the dimensions of the molecules and heterogeneity of the pore structure of activated carbons are considered, it can be seen that the assumption of complete accessibility (using the S BET value for the carbon in the Q max determination) for the carbon surface is incorrect. It can therefore be seen that the adsorption of aromatic molecules in their molecular forms depends not only on their size but also on the chemical nature of their functional groups.
The affinity and heterogeneity of the adsorption system Figure 4 depicts the experimental isotherm data fitted using the homogeneous [equation (2)] and heterogeneous models [equation (8)]. The homogeneous model was fitted using the linear form of equation (2) while MATLAB 5.3 was used to optimise the fitted parameters in the case of the heterogeneous model. Taking the arguments for Q max determination into account, we have used Q max values determined using the homogeneous model in calculating the fraction of coverage, q. The validity of this approach has been further demonstrated in assessing the effects of pH on the adsorption systems.
Examination of Figure 4 shows that the heterogeneous model provided a better fit to the experimental data. It is also interesting to note that the more significant differences between the two models occurred at high equilibrium concentrations. At low concentrations, the difference between the models was almost negligible. One possible explanation for this observation is that the greater the amount of solute present a greater number of sites become available for adsorption, hence a greater heterogeneity was observed in the system.
The fitted affinity coefficients [K 1 from equation (4) and -K 1 from equation (8)] for both models have been plotted versus the pK a values of the solutes in Figure 5 . This plot shows that both models followed virtually the same trend. It also shows that, for the homogeneous model, solutes with pK a Figure 5 . Effect of the pK a value on the heterogeneous and homogeneous affinity coefficients. values less than the PZC for the carbon (PZC of F100 = 7.8) exhibited the highest affinity coefficient. However, for the heterogeneous model, it would appear that the highest affinity coefficient was exhibited by the solute whose pK a value was nearest to the PZC for the carbon. This could have arisen because the concentrations of the molecular and ionic form of the solute were equal under these conditions and the surface of the carbon was neutral.
When the pK a value was high, the coefficient decreased. This observation may be explained as follows. When the solution pH was low, the anionic fraction of the solute whose pK a value was closer to that of the solution would be higher than the corresponding fractions for the solutes with high pK a values. Since the carbon surface was positively charged, a higher affinity for those solutes was consequently observed. On the other hand, p-cresol with a high pK a value had a significantly lower affinity coefficient, since its anionic fraction would be considerably lower than those of the other solutes studied.
A plot of the variation in the spread of the energy distribution, s [equation (8)], versus the pK a values of the solutes ( Figure 6 ) shows that increases in pK a led to a decrease in s. This can be explained as follows. As explained earlier, the closer the pK a of a solute to the PZC of the carbon, the greater is its anionic fraction. This means that, as a result of the electrostatic attractive forces, a greater variety of sites become available for adsorption and hence the heterogeneity factor increases. On the other hand, when the pK a of a solute is large, such as occurred with p-cresol in this study, the solute would be practically neutral at low pH values. Hence, only sites that possess a high dispersion energy become available for adsorption and this leads to a smaller heterogeneity factor, s. In other words, dispersion forces are the dominant forces in the adsorption of p-cresol.
The above-mentioned trend was also observed when the modified Graham plot was employed as suggested by Marczewski et al. (1986) . The modified Graham plot involves plotting ln[q/(1 -q)] Figure 6 . Effect of the pK a value on the spread of the adsorption energy. Figure 7 . Effect of the pK a value on the slopes of the Graham plots for the various solutes studied. versus ln C eq . Derylo-Marczewska (1993) has suggested that an increase in the slope of this plot indicates a decrease in the heterogeneity of the system. The slopes of these plots versus the pK a values of the solutes are depicted in Figure 7 which shows that an increase in the pK a value of the solute caused an increase in the slope of the Graham plot, thereby indicating a decrease in the system heterogeneity and verifying the above-mentioned pattern.
CONCLUSIONS
This work has shown that determining the theoretical maximum adsorption capacity of a carbon surface towards a given solute is not a simple task. Theoretical maximum adsorption capacities based on the BET surface area of the adsorbent cannot be close to the real value since not all sites on the carbon surface are accessible to solute molecules. Furthermore, the arrangement of the molecules on the carbon surface is not face-down as suggested by other authors, but rather in an edge-to-face arrangement with a variety of tilt angles, thereby making the determination of the surface occupied very complicated.
Examination of the isotherms for a few model aromatic compounds showed that the observed maximum adsorption capacity of the activated carbon towards each compound was dependent on the molecular area as well as on the type of functional group associated with the aromatic compound. It was also demonstrated that the heterogeneous Langmuir model gave a better fit than the corresponding homogeneous model. Furthermore, the fitted parameters showed that the affinity and the heterogeneity of the adsorption systems could be explained by the extent of dissociation of the various organic compounds studied.
